This paper presents an overview of the most recent research works on condensation heat transfer inside minichannels
INTRODUCTION
Minichannel technology has received increasing attention in the recent years as a possible solution to obtain compact, low charge, and efficient thermal systems. The vast majority of the minichannel research has been focused on the heat removal from the device (and thus on evaporation and boiling phenomena) rather than on the heat rejection at the condenser. This can be explained keeping in mind that the research has been driven by the need to remove high heat flow rates from small areas. However, condensation inside minichannels has already found many practical applications such as automotive condensers, air conditioning applications, heat pipes for electronic equipment, or spacecraft thermal control. For example, regarding refrigeration applications, in the recent years there is an increasing interest in refrigerants possessing low global warming potential (GWP) because of a higher attention to environmental problems and climatic changes. The search for alternatives may lead to the use of flammable refrigerants, displaying good material compatibility and desirable thermodynamic and transport properties. Clearly, charge minimization is a major design objective for the equipment when using flammable refrigerants. For instance, an application of a waterto-water heat pump working with propane, with a minichannel condenser, was presented by Cavallini et al. (2010) . Kim and Mudawar (2012) reported in a recent paper that an increasing number of aerospace and defense applications are demanding the use of a thermal management system containing two separate cooling loops. A primary coolant absorbs the heat from the high-flux device and rejects it using a compact condenser to a second coolant before the heat is rejected to the ambient air. Hence, in this application not only a compact evaporator, but also a compact condenser, is required.
Despite minichannel devices already being used in practical applications, a comprehensive understanding of microscale transport phenomena, which is fundamental for the design of microscale heat exchangers, has not been achieved. The transition between micro-and macroscale has been a recurring theme in the literature; however, there is no established criterion to properly define the transition from conventional ducts to minichannels, particularly in the case of condensation heat transfer. In the present paper, following the classification by Kandlikar and Grande (2003) we name as minichannels those channels which have inner hydraulic diameters in the range 0.2-3 mm. Note that this is only a conventional classification. Ullmann and Brauner (2007) , on the basis of flow pattern maps, proposed to use the dimensionless Eötvös number Eo to establish the macro-mini threshold in terms of hydraulic diameter. In particular, this threshold corresponds to around 1 mm for saturated refrigerant vapor-liquid systems such as R134a. This criterion is correlated with the bubble confinement inside the channel and it assumes that something is changing when the channel diameter is of the same order of magnitude of the bubble size. Furthermore, notice that the inertial forces are not considered in such criteria. In fact, the transition from macro to microscale depends not only on the fluid properties but also on the test conditions. For example, as reported in Matkovic et al. (2009) , at high mass velocity (G > 200 kg m −2 s −1 ) the heat transfer coefficient during R134a condensation can be well predicted using the Cavallini et al. (2006a) model developed for condensation in conventional channels. The reason is that, at such high mass velocity, the condensation process is shear stress controlled and thus the classical correlations can be successfully employed. The situation changes when the mass velocity is reduced and other forces (gravity and surface tension) increase their relative importance with respect to the shear stress. It is in these conditions that some macroto-microscale transition takes place. Unfortunately, the region at low mass flux is also the least investigated: in fact, it is a real challenge to perform measurements with low experimental uncertainty when the heat flow rate is on the order of few watts. An attempt to account for the relative influence of shear, gravity, and surface tension forces was recently made by Garimella et al. (2014) , who developed a model for the prediction of the heat transfer coefficient. Two flow zones were designated: shear/gravity dominated (Zone I) and shear/surface tension dominated (Zone II). In Zone I, transition from annular to wavy/annular flow is considered, while in Zone II, the annular to intermittent/annular transition is modeled. Heat transfer models were developed for each regime.
NOMENCLATURE
As described in some previous reviews on condensation inside minichannels Cavallini et al., 2006b; Chen et al., 2008) , flow regimes strongly influence the heat and momentum transfer processes inside channels, and therefore, for a better comprehension of the heat transfer mechanisms during condensation, flow patterns must be investigated. An overview of a visualization study of condensation in minichannels is presented in and in Coleman and Garimella (2000) . The flow regimes were observed during air-water adiabatic flow and during condensation of R134a in horizontal tubes and square minichannels with hydraulic diameters ranging from 4.91 to 1 mm. They found that the hydraulic diameter has a substantial effect on flow patterns and transitions; tube shape was found to be less significant than hydraulic diameter in determining the occurring flow pattern. With mass velocities G > 150 kg m −2 s −1 , the authors recorded four flow regimes for condensation-annular, wavy (influenced by gravity and with a wavy structure of the liquid film), intermittent (slug, plug), and dispersed (bubble)-and presented a map for each tube geometry. As the hydraulic diameter decreases (particularly for diameter lower than 3 mm), the overall range of the annular flow regime increases, the wavy regime decreases in importance and completely disappears at a diameter of 1 mm, and the intermittent regime increases, showing a diminishing influence of the gravity force.
Recently, El Achkar et al. (2013) observed flow patterns during condensation of n-pentane in an air-cooled square cross-section (553 µm × 675 µm) microcondenser. Tests were performed at mass velocity ranging between 3 and 15 kg m −2 s −1 and three main flow regimes were identified: annular regime, intermittent regime, and spherical bubbles regime. The flow structures in the square tube were similar to those observed in circular channels. The authors report that the annular zone (consisting of an annular film of liquid on the walls of the channel with a vapor core inside) usually ends with liquid bridge formation.
Other studies on flow patterns have been published; although no general flow regime map is available for condensation in minichannels, one important result has been repeatedly reported, which is the increased importance of the annular flow regime at the expense of stratified and wavy stratified flow.
Another important aspect that cannot be neglected in the design of minichannel condensers is the frictional pressure drop associated with the low hydraulic diameter. Recently, much experimental research work has been devoted to measuring frictional pressure drop during gas-liquid flow in minichannels with circular, rectangular, and triangular cross sections. Cavallini et al. (2006b) listed frictional two-phase pressure drop experimental studies inside minichannels and compared a database against some models for prediction of pressure gradient. More recently, Cavallini et al. (2009) and Del Col et al. (2013) developed a new model which accounts for the effect of surface roughness on the frictional pressure gradient inside minichannels and assessed it by comparing data taken with several fluids inside various minichannel geometries. Their database refers to adiabatic two-phase flow of R134a, R1234yf, R32, and R245fa inside circular, square, and irregular shape minichannels, with hydraulic diameters ranging from 0.96 to 2 mm and relative roughness ranging from 0.0017 to 0.003.
Leaving aside all the specific questions related to flow visualization and pressure drop, this paper focuses on the recent developments in condensation heat transfer inside minichannels. In particular, in the first part of the paper, some experimental studies available in the literature will be presented and critically discussed, looking at common findings and discrepancies and trying to identify the main characteristics of the condensation process in minichannels. In the second part of the paper, the computing methods that can be used for the heat transfer coefficient calculations will be illustrated. The analysis reported hereafter is supported with new experimental data and numerical simulations performed by the present authors.
EXPERIMENTAL INVESTIGATION
In the literature, so far, the condensation has been extensively studied inside conventional size channels while there are few studies on the evaluation of condensation heat transfer coefficient in minichannel geometry, where the accurate determination of the heat flux is a key issue. To overcome this problem, researchers have developed different experimental techniques. Consequently, unlike in the case of boiling studies where there is a prevailing measurement technique (determination of heat flux from the electrical power supplied to the resistors), in the microscale condensation field there is not a single technique for the heat flux measurement that can be considered predominant since each technique has its strengths and weaknesses. For example, Matkovic et al. (2009) obtained the heat flux from the derivative of the cooling water temperature profile along the channel. Garimella and Bandhauer (2001) developed a "thermal amplification" technique that specifically addresses the problem of measuring high heat transfer coefficients with sufficient accuracy in minichannels. Other experimentalists, like Derby et al. (2012) and Kim and Mudawar (2012) , used a copper block as a heat flux and wall temperature sensor. It is also possible to measure the heat flux using heat flux sensors as reported in the work by Koyama et al. (2003) .
Experimental investigations have been performed both in single channels and in multiport channels. Parallel channels have the advantage to display higher values of heat duty, but the main disadvantage is related to the possible uneven distribution of the two-phase mixture among the parallel channels. Table 1 reports a list of the heat transfer studies inside minichannels considered in the present paper, mentioning for example the channel configuration (i.e., single channel or multiport channel). There are many parameters that can affect convective condensation, such channel shape, channel diameter, saturation pressure, mass velocity, gravity acceleration, vapor quality, heat flux, channel inclination, and fluid properties. Thus it is difficult to perform experiments covering the variation of so many parameters. In this case, numerical simulations can be of some help because, once validated with some experimental data, they allow one to investigate what happens when varying the working conditions. In the following sections, the effect of some parameters will be discussed, with particular reference to the most recent works.
Effect of Mass Velocity and Vapor Quality
When analyzing the data available in the literature, it can be seen that mass velocity and vapor quality are two important parameters that characterize minichannel condensation. Almost all the experimental works investigate the effect of mass velocity and vapor quality on the heat transfer coefficient. Matkovic et al. (2009) Gnielinski (1976) correlation. In the case of two-phase flow, the condensation heat transfer coefficient of R410A was higher than that of R22 and R134a at the given mass flux. As expected, the heat transfer coefficient increases with mass velocity and vapor quality. Bohdal et al. (2011) and Charun (2012) presented the results of the experimental investigation during condensation of R134a and R404A inside five different minichannels. R404A is a nearly azeotropic mixture made of three refrigerants with the following mass fractions: 52% of R143a, 44% of R125, and 4% of R134a. Experimental tests have been run inside stainless steel tubes with internal diameters of 1.40, 1.60, 1.94, 2.30, and 3.30 mm. At constant mass velocity, with a reduction in vapor quality the authors presented an initial increase of the heat transfer coefficient and then a decrease of the heat transfer coefficient. However, this behavior is not common in the literature, because the heat transfer coefficient is expected to decrease monotonically or to remain constant when lowering the vapor quality. Sakamatapan et al. (2013) studied the condensation heat transfer characteristics of R134a flowing inside two different multiport tubes having, respectively, 14 channels with 1.1 mm hydraulic diameter and 8 channels with 1.2 mm hydraulic diameter. The experiment was performed at mass flux ranging between 340 and 680 kg m Among the most recent studies, Goss and Passos (2013) experimentally investigated the local heat transfer coefficient during convective condensation of R134a inside eight round (0.77 mm diameter channel) horizontal and parallel microchannels. The test conditions included pressure ranging from 7.3 to 9.7 bar, vapor quality from 0.55 to 1, heat flux from 17 to 53 kW m −2 , and mass velocity from 230 to 445 kg m −2 s −1 . Their experimental technique was validated performing R134a single-phase tests and the heat transfer coefficients were found to be in agreement with those calculated using the Gnielinski (1976) correlation. For all the test runs, when the other experimental conditions are fixed, the authors show that the heat transfer coefficient increases with mass velocity. They reported that, at the same quality and heat flux, an increase in the mass velocity leads to higher shear between the vapor and the liquid, causing a thinning of the liquid film during annular flow. This leads to a higher heat transfer coefficient in condensation flow where the dominant heat transfer mechanism is conduction through the liquid film. The thinning of the liquid film due to mass velocity is also numerically found by Da Riva et al. (2012) , as it will be mentioned in a following section. However, Da Riva et al. (2012) show that, when the liquid film is turbulent, the heat transfer coefficient augmentation with mass velocity is not only due to the reduced thickness of the liquid film, but it is mainly due to the increase of the turbulent thermal conductivity. Regarding the effect of vapor quality, Goss and Passos (2013) found two different behaviors: for high values of vapor quality, as expected for annular flow, the heat transfer coefficient decreases when reducing vapor quality. Subsequently, with a decrease in vapor quality below a certain value, the heat transfer coefficient tends to remain constant. The authors tried to explain such behavior speculating that, at lower values of vapor quality, the reduction of the shear stress contributes to a stratification of the flow, causing a thicker film in the bottom of the tube. The liquid accumulation causes a poor heat transfer region on the bottom of the tube. On the top of the tube, however, the liquid film continues to be thin, with high heat transfer values, compensating for the bottom part. A similar phenomenon is also reported in a numerical work by Da Riva and Del Col (2011) in the case of 1 mm circular tube with R134a, but in this case the liquid stratification is evident only at low values of mass velocity (G = 100 kg m −2 s −1 ). Del Col et al. (2014a) characterized the thermal performance of propane (R290) in minichannels by measuring frictional pressure drop and condensation heat transfer coefficients inside a circular cross section horizontal minichannel with an internal diameter of 0.96 mm. Local heat transfer coefficients have been measured during condensation at mass velocity from 100 to 1000 kg m −2 s −1 and 40 • C saturation temperature. As expected for forced convective condensation inside conventional pipes, the heat transfer coefficient increases with mass velocity and with vapor quality.
Their database was compared against predicting correlations available in the open literature and a good agreement is found when applying the Cavallini et al. (2006a) model for the whole range of mass velocity. This fact suggests that, in these working conditions, the condensation process inside the single circular minichannel must be dominated by the shear stress and the annular flow regime covers most of the two-phase region. Indeed, propane displays lower values of liquid and vapor densities as compared to the halogenated refrigerant R134a (
), leading to a higher velocity of the vapor phase and promoting the development of annular flow regime.
In a recent work, Del Col et al. (2015) measured condensation heat transfer coefficients with the halogenated olefin R1234ze(E) in a 0.96 mm diameter circular channel. The saturation temperature is 40
• C and mass velocity ranges between 100 and 800 kg m −2 s −1 . They found that, for mass velocity below 150 kg m −2 s −1 , the heat transfer coefficient at the same vapor quality remains constant when decreasing the mass flux. Instead, at higher values of mass velocity, the effect of the mass flux on the heat transfer coefficient becomes important.
In Fig. 1 a comparison between R134a condensation data taken from three different studies is reported. The experimental conditions (mass velocity G, channel diameter d, saturation temperature, t sat ) are similar. All the data series exhibit the same behavior: the heat transfer coefficient (HTC) increases with vapor quality. However, there is not a good agreement between the different data series. This may depend on the fact that different laboratories adopt different measuring techniques.
Effect of Diameter, Saturation Temperature, and Heat Flux
All the researchers agree that the condensation heat transfer coefficient increases with decreasing channel hydraulic diameter. Among the recent studies, Bohdal et al. (2011 ), Charun (2012 , and Zhang et al. (2012) observed that an increase of the internal diameter at a constant mass velocity resulted in a clear decrease of the local heat transfer coefficient. Since the heat transfer data inside a 0.96 mm diameter channel by Matkovic et al. (2009) Many studies deal with the effect of saturation temperature. Some studies reported that saturation temperature has no significant effect on the heat transfer coefficient. Derby et al. (2012) Zhang et al. (2012) found that the heat transfer coefficient decreases with saturation temperature (30
• C-40
• C, G = 300-600 kg m −2 s −1 , R22, R410A, and R407C). In fact, when condensation is shear stress controlled, a reduction of the saturation temperature and thus a reduction of the corresponding pressure leads to a reduction of the vapor density. This reduction causes an increase of the vapor velocity and of the shear stress exercised by the vapor phase on the liquid film. The liquid film becomes thinner and more turbulent, resulting in a heat transfer enhancement. The behavior observed by Zhang et al. (2012) has been reported also in Park et al. (2011) for R1234ze(E) condensation, in the work by Liu et al. (2013) • C saturation temperature). The role of heat flux is not clear. Goss and Passos (2013) investigated the influence of heat flux on the heat transfer coefficient. They found a tendency for the heat transfer coefficient to increase as the heat flux decreases but such increase is small and of the same order of magnitude as the experimental uncertainty. The heat flux independence for a mass velocity of 200 kg m −2 s −1 with R32 and for a mass velocity of 400 kg m −2 s −1 with R134a has also been demonstrated by Matkovic et al. (2009) . Such behavior is not in agreement with that reported by Sakamatapan et al. (2013) , where the heat transfer coefficient is found to increase with heat flux at 350 kg m −2 s −1 mass velocity. However, some effect of heat flux may be expected at low values of mass velocity when the gravity causes liquid stratification; at higher mass flux a similar behavior seems to be contrary to the established knowledge on annular flow shear stress dominated condensation, although some report a heat flux effect for condensation under mist flow.
Effect of Channel Shape
Despite the wide use, in the open literature the studies on condensation inside non-circular minichannels are rather limited. Shin and Kim (2005) tested and compared three circular channels and three rectangular channels with a hydraulic diameter between 0.493 and 1.067 mm for mass velocities between 100 kg m −2 s −1 and 600 kg m
and a heat flux ranging from 5 kW m −2 to 20 kW m −2 . They pointed out that, for a similar hydraulic diameter, the heat transfer coefficients during condensation of R134a at 40
• C are higher in rectangular channels at low mass velocities and higher in circular channels at high mass velocities. Agarwal et al. (2010) measured heat transfer coefficients in six non-circular horizontal multiport microchannels of different shapes (barrel-shaped, N-shaped, W-shaped, rectangular, square, and triangular), with a hydraulic diameter between 0.424 and 0.839 mm, during condensation of R134a at 55
• C, over the mass flux range between 150 kg m −2 s −1 and 750 kg m −2 s −1 . For square, rectangular, and barrel shaped channels, an annular-film flow based model is considered while, for triangular, N-shaped, and W-shaped channels (i.e., those with sharp corners), it was supposed that the liquid phase is retained at the corners so a mist flow based model is utilized.
Del Col et al. (2011) In a recent work, Derby et al. (2012) measured condensation heat transfer coefficients for R134a in 1 mm square, triangular, and semicircular multiple parallel minichannels cooled on three sides. The mass velocity was varied between 75 and 450 kg m −2 s −1 and two saturation temperatures were tested: 35 • C and 45
• C. For all the test sections, the heat transfer coefficient increased with mass flux and vapor quality. By controlling the coolant temperature, the authors varied the condensation heat flux from 23 kW m −2 to 46 kW m −2 . As confirmed by previous studies, no effect of the heat flux was detected. Finally, Derby et al. (2012) focused on the effect of channel shape on the heat transfer. Even at the lowest value of mass velocity, they found no enhancement in the square and triangle geometries due to the surface tension effect as compared to the semi-circular test section. The lack of shape effect was attributed by the authors to the three-sided cooling boundary conditions. The semicircular geometry may not be representative of a fully circular cross section due to the corners effects when the flat side intersects the semi-circumference. Liu et al. (2013) reported experimental heat transfer data during condensation of R152a in a circular and a square microchannel with hydraulic diameters of 1.152 mm and 0.952 mm, respectively. Saturation temperatures are equal to 40
• C and 50
• C with mass flux varying from 200 to 800 kg m −2 s −1 and vapor quality from 0.1 to 0.9. The effects of mass flux, vapor quality, and channel geometry on the heat transfer were investigated. Heat transfer coefficients of the square microchannel were found to be higher than those of the circular microchannel at G = 200 kg m −2 s −1 and, to a lesser extent, at 400 kg m −2 s −1 due to the effect of surface tension. They found that there was no heat transfer enhancement at the highest mass flux as the shear stress plays a much more important role at higher mass flux.
In a later work, Derby et al. (2014) examined the effect of channel shape in 1 mm hydraulic diameter channels (square and semi-circular) using steam as working fluid, which displays a value of surface tension one order-ofmagnitude higher as compared to the hydrofluorocarbon R134a. A comparison of the semi-circular and square channels was reported at the same mass flux (G = 100 kg m −2 s −1 and G = 150 kg m −2 s −1 ) and vapor quality ranging between 0.2 and 0.7, showing that there is no discernible surface tension enhancement in the square channel over the semi-circular one. They did try to explain such behavior, noting that the Wang and Rose (2006) model predicts a heat transfer enhancement due to the surface tension only at high vapor qualities, whereas at lower qualities, due to the reduced value of volume fraction (channel flooded), the heat transfer coefficient is expected to be roughly the same in the circular and in the square channel. Besides, as reported by Derby et al. (2014) , the semi-circular channels still have corners, and perhaps surface tension pulls the liquid to corners leading to a thin liquid on the other parts of the channel.
However, looking at other experimental results Liu et al., 2013) it can be noted that at low values of mass velocity the heat transfer is enhanced in the square channel with respect to the circular one not only at high vapor qualities but also at 0.2 vapor quality. If fact, as reported in Coleman and Garimella (2000) , when mass flux and vapor quality are reduced, the annular flow regime changes into the intermittent flow regime (slug flow) and the assumption of annular condensation no longer holds. As a result, the channel shape can influence the liquid film thickness surrounding the vapor slug and consequently a dependence of the heat transfer coefficient on the channel shape can be expected. However, as reported in Section 3.1, at the current state, numerical simulations that can provide a physical insight are not available in the scientific literature.
Just to prove the effect of channel shape on the condensation heat transfer, new experimental data taken by the present authors inside a circular and a square minichannel of about 1 mm hydraulic diameter are reported in Fig. 2 together with previous data by the same laboratory. The heat transfer coefficients have been measured at 150 and 200 kg m −2 s −1 mass velocity with three fluids displaying different thermodynamics and transport properties. The saturation temperature is fixed for all the fluids at 40
• C. In addition data by Liu et al. (2013) for R152a are depicted (G = 200 kg m −2 s −1 , 40 • C saturation temperature). At low mass velocities, for all four considered fluids, the heat transfer coefficient in the square channel is always higher than that measured in the circular microtube. This heat transfer enhancement must be due to the presence of the corners, and in particular to the effect of the surface tension pulling the liquid toward the corners and reducing the average thermal resistance in the cross section. The thinning of the condensate film due to surface tension, close to the corners, is important at low mass fluxes when the condensate flow is laminar.
Effect of Channel Inclination
The effect of channel orientation during condensation inside minichannels has not been investigated much. Some studies have been performed in inclined smooth tubes with larger diameters, where it has been shown that the heat transfer coefficient is strongly affected by the liquid and vapor distributions. For example, Lips and Meyer (2012) presented experimental research on convective condensation of R134a at 40
• C saturation temperature in a smooth tube (8.38 mm inner diameter) for the whole range of inclination angles, from vertical downward to vertical upward and for mass velocities ranging from 200 kg m −2 s −1 to 600 kg m −2 s −1 . In their results, the heat transfer coefficient depends on the distribution of the two phases inside the tube and hence on the flow pattern, which results from the balance between gravitational force, shear stress, and surface capillary force. The images collected using a high-speed camera display that at high vapor qualities and high mass fluxes, the flow becomes annular and it is insensitive to the inclination angle. At low mass fluxes and vapor quality, the inclination strongly affects the flow pattern. At high mass velocities, the shear stress is the dominant force and there is no effect of inclination on the heat transfer. According to Lips and Meyer (2012) , it is necessary to develop new predictive flow pattern maps to study condensation in inclined tubes. Lyulin et al. (2011) investigated the dependence of the heat transfer coefficient on inclination during pure ethanol condensation inside a 4.8 mm circular tube. The experiments have been carried out at 58
• C saturation temperature, mass velocity ranging from 0.24 to 2.04 kg m −2 s −1 , and downflow configuration. They found that the heat transfer coefficient has a maximum in the range 15
• -35 • due to the complex gravity drainage mechanism of the condensed liquid. A larger inclination increases the total condensate thickness and the homogeneous annular flow is reached at vertical orientation.
But minichannels display a different behavior because the relative importance of shear stress, gravity, and surface tension changes and the action of these forces depends on operating conditions and orientation. Both theoretical and experimental results were submitted by Wang and Du (2000) for the condensation of water inside an inclined small diameter tube. They modeled and tested circular tubes with inner diameters ranging from 1.94 to 4.98 mm and for low mass fluxes (up to 100 kg m −2 s −1 ) varying the orientation (horizontal and downward flow at 17
• , 34
• , and 45 • ). They found that the effect of inclination on the heat transfer coefficient was poor for the smallest tubes and strong for the tube with bigger inner diameter. Recently, Del Col et al. (2014b) investigated two HFC refrigerants during condensation inside a single square cross-section minichannel when varying the channel inclination. Local heat transfer coefficients of R134a and R32 were measured in horizontal, downflow, and upflow configurations at varying inclination angles from 15
• to 90
• . Their channel has a square cross section with a hydraulic diameter equal to 1.23 mm. Tests were performed at mass velocity ranging between 100 kg m −2 s −1 and 390 kg m −2 s −1 at 40 • C saturation temperature. Considering the heat transfer coefficient obtained with horizontal channel as the reference case, it was observed that the channel inclination has negligible effect on condensation in downflow configuration at high mass velocity and in upflow configurations for the entire test range of mass velocity. With both fluids, the effect of the channel inclination on the condensation heat transfer becomes noteworthy in downflow, at vapor quality lower than around 0.6 and at mass velocity equal or lower than a critical mass flux value that is equal to 150 kg m for R32. In Fig. 3 the R134a heat transfer coefficient is reported against inclination angle for different values of mass velocity and a constant vapor quality x = 0.25. The heat transfer coefficient is shown to be independent of tilt angle at G = 150 kg m −2 s −1 in all the tested configurations; instead, when the mass velocity is further reduced, the channel tilt is found to penalize the condensation process in downflow configuration and it causes a dramatic decrease of the heat transfer coefficient, up to 48% with respect to that measured in horizontal. The authors applied the Buckingham theorem to develop a correlation of dimensionless groups with the aim of predicting the critical mass velocity at which, in vertical downflow configuration, the effect of inclination starts to appear. The correlation includes the dimensionless inclination parameter Y, the Eötvös number Eo, the thermodynamic vapor quality x, and the density ratio (ρ L − ρ V )/ρ V . It is applicable for the tested refrigerants and for non-circular minichannel but it was found to provide results consistent with the experimental investigation also when employed for macrochannels.
It is reasonable to associate the change in the heat transfer coefficient when varying channel inclination to the modified flow pattern. Some studies highlighted the flow pattern regimes formed during condensation in minichannels differ from those observed in conventional channels. Nevertheless, no flow patterns visualization in minichannels when varying the inclination angle are available in the open literature.
NUMERICAL MODELING
While most current models rely on empirical efforts done by researchers, only a few mechanistic models have tackled the problem from a physical point of view. Empirical correlations are in general specific to a given pipe geometry, while theoretical and numerical models could in principle be extended to any geometry. Provided that an appropriate validation is performed, numerical models could be extremely interesting not only for the prediction of the heat transfer coefficient, but also for a better general understanding of the condensation phenomena, since they allow an "insight view" for a qualitative analysis (e.g., three-dimensional distribution of local heat transfer coefficient and condensate film thickness), which is almost impossible to achieve experimentally without affecting the phenomenon itself.
Unfortunately, in the present status of the art, no numerical model available in the literature has been fully validated against an experimental database covering a complete range of fluids, operating conditions, channel dimensions, and geometries. Besides, depending on the particular model, calculation time can be very long, reducing its practical applicability.
Literature Review
Wang and Rose (2005) were the first researchers to report an extensive theoretical study of film condensation in square and triangular minichannels over the mass flux range 100 kg m −2 s −1 < G < 1300 kg m −2 s −1 , covering different channel sizes in the range between 0.5 and 5 mm, and refrigerants R134a, R22, and R410A; an analogous study regarding circular minichannels has been published in Wang and Rose (2009) . In their work, the condensate film is treated assuming laminar flow and neglecting inertia and convection terms (as in the classical Nusselt theory) but, beside gravity, surface tension is also taken into account, while the shear stress on the condensate surface due to the vapor flow is estimated by means of an empirical correlation. The model was further extended in Wang and Rose (2011) including ammonia, R152a, propane, and carbon dioxide. For all the refrigerants considered, the condensation heat transfer coefficient in microchannels is claimed to be constant, at least for a large part of the channel length, independently of mass flux and vapor quality: the heat transfer is claimed to be controlled in this region by surface tension and viscosity only. A predictive correlation is proposed by the authors, based on dimensionless groups.
Another model to predict laminar annular film condensation heat transfer in mini-and microchannels and based on a finite volume formulation of the Navier-Stokes and energy equations for the liquid phase only has been developed by Nebuloni and Thome (2010) . Some of the original simplifying assumptions made by Wang and Rose (2005) (constant wall temperature, negligible axial interfacial curvature, negligible non-linear terms in the momentum equation, and vapor to liquid relative velocity approximated as the vapor velocity) were relaxed; besides, interphase mass transfer and near-wall effects were also considered in order to allow the model to be scaled to very small diameters down to 10 µm. Steady-state results of R134a condensation heat transfer coefficient and condensate film thickness were presented for circular, elliptical, flattened, and flower channel shapes with hydraulic diameter ranging from 10 µm up to 1 mm; in addition, a single transient case including wall thermal conduction and non-uniform heat flux distribution has been presented for a 133 µm hydraulic diameter copper rectangular channel. The model by Nebuloni and Thome (2010) is reported to display the same qualitative trends (dependence on wall subcooling, mass flux, channel size, and fluid properties) as Wang and Rose (2005) ; however, the model by Nebuloni and Thome (2010) is explicitly reported to be valid only for annular or semi-annular condensation with laminar liquid film. This model has been validated against measurements and is reported to predict within 20% deviation the experimental data in the non-intermittent flow regime.
Three-dimensional steady-state simulations of condensation of refrigerant R134a in a horizontal circular minichannel have been reported in Da Riva et al. (2012) . Mass fluxes ranging from 50 kg m −2 s −1 to 1000 kg m −2 s −1 were considered in a circular minichannel of 1 mm diameter. The volume of fluid (VOF) method was used to track the vapor-liquid interface without empirical closure laws to model the interaction between the phases. As compared to the simulation of single-phase flows, with the VOF method an additional equation is needed for the volume fraction, which represents the portion of the volume of the computational cell filled with each additional phase beyond the primary. Fluid properties are computed within each control volume based on the volume fraction of each phase, using an appropriate mixture rule. The governing continuity, momentum, turbulence, and energy equations are then solved for a single set of shared flow variables (velocity, pressure, etc.) . The usual Navier-Stokes equations are solved for momentum in the cells where only one of the two phases is present. At the interface, the force due to the surface tension is modeled as a volume force. Furthermore, the phase change process is realized by introducing a source term in the continuity and energy equations. Both phases are assumed as incompressible, the inlet thermodynamic vapor quality is x = 1, and the channel is horizontally oriented. The minichannel wall is assumed to be smooth and held isothermal at a uniform temperature 30
• C, while the vapor-liquid interface temperature is set to be uniform and equal to the fluid saturation temperature 40
• C. The saturation temperature drop due to the pressure drop is neglected in the simulations and a pressure boundary condition is imposed at the outlet. The domain is discretized into approximately 1,150,000 hexahedral cells. In order to fully resolve the viscous sublayer in the liquid film region, the radial thickness of the cells in the near-wall region is 1 µm. The numerical procedure adopted by Da Riva et al. (2012) is implemented in the commercial code ANSYS Fluent. The influence of turbulence in the condensate film was analyzed and compared against the assumption of laminar condensate flow by employing different computational approaches and validating the results against experimental data by Matkovic et al. (2009) , using the full range of experimental data available (100 kg m −2 s −1 < G < 1000 kg m −2 s −1 ). Under the assumption of laminar condensate flow, experimental heat transfer coefficients at low mass fluxes can be predicted, but the computed heat transfer coefficient is found to be almost independent of mass flux and vapor quality, in agreement with the behavior of the models by Wang and Rose (2005) and Nebuloni and Thome (2010) . Only when turbulence in the condensate film is taken into account, the numerical model captures the influence of mass flux that is observed in the experimental measurements at medium and high mass fluxes.
The influence of gravity during condensation in minichannels has also been further investigated by extending the simulations to the cases of vertical downflow in normal gravity and zero-gravity conditions, at both low and high mass velocities, in Da Riva and Del Col (2011). The numerical model is the same presented in Da Riva et al. (2012), but clearly, in this case, a 2D axisymmetric computation domain can be considered. At G = 100 kg m −2 s −1 , higher heat transfer coefficients are obtained in the horizontal minichannel as compared to the vertical downflow and zero-gravity cases: the stratification due to gravity is shown to enhance the heat transfer since this keeps the condensate thickness low in the upper region of the channel. Finally, the model by Da Riva et al. (2012) has been applied to the case of R134a condensation in a square minichannel in Bortolin et al. (2014) and validated against the experimental data by Del Col et al. (2011) at G = 400 kg m −2 s −1 and G = 800 kg m −2 s −1 : the heat transfer process is shown to be dominated by shear stress and surface tension, and once again the assumption of laminar condensate flow is shown not to hold and a strong influence of mass flux on the heat transfer coefficient is predicted.
A new theoretical model for the prediction of laminar film convective condensation heat transfer of pure vapor inside a circular tube with different diameters has been developed by Marchuk et al. (2013) . This model includes the effects of the surface tension force, gravity force, and shear stress at the vapor-liquid interface. The motion equations of the condensed liquid are solved with the approximation of the lubrication theory. Inertial terms in the equations of momentum, the convective mechanism of heat transfer, and the conductive heat transfer along the film surface are neglected in the energy equation. The boundary condition on the substrate surface satisfies the non-slip condition; the shear stress and pressure gradient along the tube are determined by the Poiseuille formulas. The model allows calculation of the condensate film thickness across the circular tube, as well as predicting the distribution of the liquid along the tube. The theoretical model has been validated against experimental results. Numerical simulations during condensation of saturated ethanol vapor in a circular tube with diameter from 1 to 5 mm have been performed. As expected, the numerical calculations show that the heat transfer coefficient decreases significantly with the increase in the tube diameter. Furthermore, simulations have been run at three different gravity levels (0, 10, and 100 m s −2 ): the analysis shows that the heat transfer coefficient in the horizontal case increases with the growth of the gravity level. Instead, the gravity influence on the heat transfer coefficient at the initial part of the condenser tube is insignificant due to the annular flow regime with thin liquid film. Ganapathy et al. (2013) presented numerical two-dimensional unsteady simulations of R134a condensation in a 100 µm diameter microchannel. The vapor-liquid flow was modeled by a finite volume method-based implementation of the VOF approach. The numerical model for multiphase flow solves the equations for continuity, momentum conservation, volume fraction, and energy conservation. This approach takes into account the pressure jump across the interface as a volume force that is included as a source term in the momentum equation. The effective fluid properties such as density and viscosity were computed as the average property values of the two phases, weighted by their respective volume fractions. The latent heat associated with the phase change phenomena was modeled as a source term in the energy equation, likewise the mass transfer between the gas and liquid phases was considered in the continuity equation introducing a source term. Their numerical formulation was implemented in the commercial computational fluid dynamics (CFD) code Fluent. A single microchannel was modeled as a two-dimensional geometry in the form of a rectangular domain. A velocity boundary condition was specified at the channel inlet for the superheated vapor phase, a pressure-based boundary condition was specified at the channel outlet, and a constant heat flux was fixed at the channel walls. The entire domain was discretized with a homogeneous structured grid consisting of quadrilateral elements with a size of 2 µm. Recently, numerical investigation of steam condensation in a non-circular microchannel (80-250 µm hydraulic diameter) was conducted by El Mghari et al. (2014) . The conservation equation of mass, momentum, and energy have been solved in both phases for various microchannel hydraulic diameters. Different correlations established for condensation heat transfer are evaluated. Results are given for different microchannels shapes, aspect ratios, and for various mass fluxes and contact angles. Reducing the microchannel hydraulic diameter from 250 to 80 µm reduces the condensate film thickness and increases the average heat transfer coefficient up to 39% for the same mass flux. A comparison of the average Nusselt number is conducted for the same microchannel hydraulic diameter where the shape and aspect ratio are varied. It was concluded that the condensation average heat transfer coefficient increases with aspect ratio for rectangular microchannels. The lowest average Nusselt numbers are obtained for the square microchannel. Such simulations seem unable to predict the interface inflection point (meniscus) that is reported at high vapor quality in Wang and Rose (2011) and in Bortolin et al. (2014) . Chen et al. (2014) numerically studied the condensation flow of the refrigerant FC-72 in a rectangular minichannel with 1 mm hydraulic diameter. They used the volume of fluid (VOF) model implemented in the commercial software FLUENT. As for the previously cited works (Da Riva et al., 2012; Ganapathy et al., 2013) , the heat and mass transfer due to the phase change are modeled introducing source terms in the energy and continuity equations. The driving force for phase change at the interface is the difference between saturation and cell temperature. A uniform heat flux is assumed at the bottom and side walls, whereas the top wall is treated as an adiabatic boundary in order to compare numerical simulations with experiments using a top wall glass cover. The flow turbulence was modeled using the k −ε model. The simulations were validated against experimental data examining the flow patterns for different regimes of condensation flow. The flow regimes predicted by the authors' model are the following: annular flow, wavy annular flow, transition flow, slug flow, and bubbly flow. With their simulations the authors show the formation of a slug starting from a local contraction of the vapor column. As reported in the paper, the model is not able to predict the heat transfer coefficient and this is due to the high computational costs imposed by the need for a fine grid in the liquid film. In fact, the adopted grip has around 200,000 cells, which is well below the number of cells employed in the 3D steady-state simulations by Bortolin et al. (2014) (about 4 million) that are shown to predict the heat transfer coefficient during annular flow condensation in a 1 mm square channel. For the sake of comparison, Magnini et al. (2013) used CFD simulations to investigate the flow boiling heat transfer of multiple sequential elongated bubbles in a 0.5 mm channel. In this case the computation domain is two-dimensional axisymmetrical and the authors reported that more than 3 million mesh cells and 75,000 times steps are needed to run about 60 ms of simulation time (96 parallel cores, 3 weeks to run). From the above it is clear how the numerical simulations for the calculation of the twophase heat transfer coefficient are very computational expensive. At present the first challenge is to accurately predict the heat transfer coefficient during intermittent flow (slug flow, bubble flow) in circular minichannels and operating conditions at which the gravity force has no effect during the two-phase flow and a two-dimensional axisymmetrical domain can be adopted. Regarding three-dimensional CFD simulations (that are necessary in the case of non-circular channels and when the gravity plays some role), reliable values of the heat transfer coefficient in intermittent flow are still far off from being obtained and the experimental investigation is currently the easiest tool available.
Comparison between Numerical Models and Experimental Data
With the aim of comparing numerical results obtained by different authors with similar boundary conditions, in Fig. 4 new simulations of R134a condensing inside a 1 mm square cross-section channel are reported together with Wang and Rose (2011) and Bortolin et al. (2014) ) strongly underpredict the experimental data. This can be explained considering that in the work by Bortolin et al. (2014) some turbulence is modeled in the liquid film, whereas in the Wang and Rose theoretical model the film is treated as laminar at all mass velocities. At G = 200 kg m −2 s −1 the experimental data are well predicted when the liquid film is assumed to be laminar. In that case, a better agreement between the numerical results by the present authors and the ones by Wang and Rose is found. However, the simulations by Wang and Rose estimate higher heat transfer coefficients; although Wang and Rose run their simulations at a higher mass velocity (G = 300 kg m −2 s −1 instead of G = 200 kg m −2 s −1 ) this is not the main reason for such a difference. In fact, for all the values of mass velocity in Wang and Rose simulations, there is a zone with flat trend of the heat transfer coefficient where the heat transfer coefficient does not depend on mass velocity. However, it is noteworthy that at high mass velocity (e.g. G = 700 kg m −2 s −1 ), the negligible effect of the mass flux on the heat transfer coefficient is not consistent with most experimental data published in the literature. At low mass velocity, Nebuloni and Thome (2010) compared their numerical simulations against the model by Wang and Rose (2005) at the same conditions. Nebuloni and Thome (2010) found a good agreement in terms of trend but with a net change in values and local distribution. They asserted that the cause of this difference is related to the approximation introduced by Wang and Rose's model in neglecting the momentum fluxes and the vapor-to-liquid relative velocity.
In a recent work, Antonsen and Thome (2014) extended the code previously developed by Nebuloni and Thome (2010) to condensing annular flows with turbulent liquid films. In fact, as previously reported, recently turbulence has received increased attention in condensation modeling inside small diameter channels, since it has emerged that, with the laminar liquid film assumption, it is not possible to predict the heat transfer coefficient at high value of mass velocity. Turbulence is taken into account by implementing the algebraic model for turbulent eddy diffusivities for momentum and for heat developed by Cioncolini and Thome (2011) . The latter assumes the liquid film shear stress is a function of the liquid film Weber number and hence only the dimensionless liquid film thickness is needed to calculate the eddy diffusivities. This allows the use of mean flow equations for the liquid film and hence it is not necessary to radially discretize the liquid film, thus saving computational time. The eddy diffusivity for momentum is obtained by the following equation:
The eddy diffusivity for heat is calculated as
The minimum value of the dimensionless liquid film thickness t + was obtained from experimental results and it can be used to decide when turbulence has an influence on the heat transfer. In Fig. 5 the heat transfer coefficients obtained by Antonsen and Thome (2014) (2012) were run using the shear stress transport (SST) k − ω turbulence model by Menter (1994) in both the liquid and vapor phase, instead at G = 100 kg m −2 s −1 the turbulence is taken into account only in the vapor phase, while the liquid phase is assumed to be laminar. The transition criteria proposed by Antonsen and Thome (2014) 
Interface Tracking
An interesting feature of the numerical models is that they are able to track the liquid-vapor interface and then provide useful information about the liquid film thickness that otherwise could be obtained only with complex optical techniques. For instance, in Fig. 6 , the computation of the vapor-liquid interface by the VOF method is illustrated. In particular, on the left side, the computed cross-sectional shape of the interface at G = 200 kg m −2 s −1 , in horizontal flow, at normal gravity, is reported at 0.9 and 0.7 vapor quality in the case of square channel. For all the working conditions there is no difference in the liquid film thickness between the upper and the lower part of the channel; it can be argued that at such conditions the shape of the vapor-liquid interface is determined by shear stress and surface tension, while gravity has a negligible role (as confirmed by experimental results reported in Del Col et al., 2014b) .
The circular channel features in a different way: in Fig. 6 (right) the vapor-liquid interface is reported for the same mass velocity and vapor quality in the circular channel. As it can be seen, when condensation proceeds, the liquid film thickness remains almost constant in the upper half of the minichannel while it gets thicker at the bottom. All the liquid condensed in the upper part of the tube is drained to the bottom by gravity instead of being carried in the tube axial direction by the shear stress due to the vapor flow. It can be concluded that in the square channel the surface tension competes against gravity force preventing the liquid stratification, while in the case of the circular channel the surface tension effect is negligible and stratification occurs.
CONCLUSIONS
In this paper an overview of recent research developments in minichannel condensation is reported, covering both experimental and numerical heat transfer results. There are many parameters that can affect convective condensation, such as channel shape, channel diameter, saturation pressure, mass velocity, vapor quality, heat flux, fluid properties, and channel orientation. Thus it is not easy to find data from different laboratories taken at the same conditions. From this point of view, further experimental work is needed, especially at low values of mass velocity where the microscale characteristics of the condensing flow are more important. As shown here, most of the researchers agree that the heat transfer coefficient increases when decreasing channel hydraulic diameter and saturation pressure. In all the present works, the heat transfer coefficient increases with mass velocity and vapor quality. Instead, the effect of heat flux still needs more investigation. Finally, the channel shape has been found to have an effect on the heat transfer at low mass velocity, where surface tension can play an important role.
It was also shown that, in recent years, more and more work has been done to develop numerical models of condensation in minichannels that should be able to simulate the heat transfer process resolving momentum and energy equations and thus independent of the particular geometry or set of fluid properties. Under the basic assumption of laminar condensate film, major advancements have been made by Wang and Rose (2005) and by Nebuloni and Thome (2010) . More recently, Da Riva et al. (2011) have been able to reproduce the experimental trend during condensation in minichannels for a wider range of mass fluxes by relaxing the hypothesis of laminar liquid film. One important feature of numerical modeling of condensation is that its results provide an insight of the heat transfer mechanisms.
Even though much work has been done on numerical modeling, most of the condensation simulations are performed under steady-state conditions, and thus neglecting all possible instabilities and non-steady flows, such as wavy and slug/plug two-phase flows. Further developments could come from unsteady simulations which would allow investigation of the full range of possible flow patterns and condensation mechanisms.
